Abstract-We report AlGaN-GaN high electron mobility transistors (HEMTs) grown by molecular beam epitaxy (MBE) on SiC substrates with excellent microwave power and efficiency performance. The GaN buffers in these samples were doped with carbon to make them insulating. To reduce gate leakage, a thin silicon nitride film was deposited on the AlGaN surface by chemical vapor deposition. At 4 GHz, an output power density of 6.6 W/mm was obtained with 57% power-added efficiency (PAE) and a gain of 10 dB at a drain bias of 35 V. This is the highest PAE reported until now at 4 GHz in AlGaN-GaN HEMTs grown by MBE. At 10 GHz, we measured an output power density of 7.3 W/mm with a PAE of 36% and gain of 7.6 dB at 40-V drain bias.
I. INTRODUCTION

I
N THE PAST few years, advances in materials and device technology have led to greatly improved performance from AlGaN-GaN HEMTs. These devices are promising for microwave power applications due to the high breakdown field and high electron velocity in GaN and because large electron concentrations can be obtained in the channel.
AlGaN-GaN HEMT devices with good RF performance have been fabricated on material grown by both metal-organic chemical vapor deposition (MOCVD) [1] - [4] and molecular beam epitaxy (MBE) [5] - [8] growth techniques. The advantages of MBE growth include high uniformity, in situ monitoring, and sharp interfaces. However, undoped GaN buffers grown by MBE are not always insulating, and this buffer leakage leads to degradation of transistor performance. To solve this problem, the HEMT buffers in this work are doped with carbon, which acts as a compensating acceptor and makes the reduces buffer conductivity. This is analogous to the use of iron in MOCVD grown HEMT buffers [9] .
GaN transistors grown directly on SiC substrates by MBE also tend to have a higher gate leakage than MOCVD-grown transistors, possibly due to the higher dislocation density in MBE-grown material. In the past, silicon nitride (SiN ) layers have been used under the gate to reduce gate leakage in GaN-based devices [10] , [11] . In this letter, we use a thin insulating SiN film grown by high-temperature chemical vapor deposition (CVD) [12] . The use of SiN reduces gate leakage by an order of magnitude, and hence, improves breakdown voltage and device reliability. The optimization of growth, introduction of carbon doping, and the use of an insulating silicon nitride layer have helped us achieve record power densities ( 7 W/mm) at 10 GHz using 0.7 m gate-length devices. We achieved record power-added efficiency(PAE) values for MBE-based HEMTs of 57% PAE with an output power of 6.6 W/mm at 4 GHz.
II. GROWTH AND DEVICE PROCESSING
The HEMT structures described in this work were grown by plasma-assisted MBE on specified semi-insulating 4H-SiC (Cree). Fig. 1 shows the epitaxial structure of the device described here. A commercial CBr gas source was used for carbon-doping the buffers [13] . A 45-nm-thick AlN:C nucleation layer was grown with a CBr pressure of 15 mTorr in the source. This same CBr pressure was used in the next 100 nm of GaN:C. From secondary ion mass spectrometry (SIMS) measurements the carbon concentration in the GaN for these conditions was found to be cm . A two-step buffer approach was developed to grow the GaN buffers [14] , [15] . The first GaN layer was grown in the intermediate Ga-flux regime [16] from SIMS) of cm in the first 200 nm of material, and cm in the last 100 nm. This was followed by 1 m of undoped GaN grown in the high Ga-flux regime. A 25-nm-thick 30% AlGaN cap was grown on top of this structure, followed by a 5-nm UID GaN cap.
To reduce gate leakage, a 4-nm-thick SiN cap was deposited on top of the sample by high-temperature CVD [12] . Standard processing steps were employed to fabricate the transistors. Ti-Al-Ni-Au ohmic contacts were evaporated using e-beam deposition, and the contacts were alloyed by annealing for 30 s at 870 C. This was followed by a BCl Cl reactive ion etch for mesa isolation, and Ni-Au-Ni gate metal evaporation. Finally, the surface was passivated with silicon nitride deposited by plasma enhanced CVD at 250 C and contacts were made to the gate, source/drain pads by etching the passivating silicon nitride in CF plasma. The 150-m-wide devices had a gate length of 0.7 m and a source/drain distance of 3.4 m.
III. RESULTS AND DISCUSSION
The dc and 200-ns pulsed output characteristics of the device are shown in Fig. 2 . The gate voltage was varied from 10 V to 2 V in steps of 2 V. For the 200-ns pulsed measurements, the gate was pulsed with the device biased on a 50 load-line. The maximum current was 1.2 A/mm, and the pinch-off voltage was 10 V. The transconductance of this device was 150 mS/mm at a drain bias of 10 V.
As shown in Fig. 2 , the 200-ns pulsed current values were lower than the corresponding dc values. We observed that the currents measured using longer 80 s pulses were the same as the 200-ns pulsed currents. Also, RF current-voltage (I-V) curves measured using a microwave transition analyzer showed no further current collapse at 4 GHz. This suggests that there is little or no reduction in the current response of the device as time scales are lowered from 200 ns to microwave periods. Further studies to characterize the dispersion due to carbon in the buffer are underway.
The three-terminal breakdown voltage was found to be greater than 100 V after passivation. The SiN cap reduced gate leakage by an order of magnitude and hence improved the gate-drain breakdown characteristics.
Small-signal measurements were carried out on the device. The current gain , and the unilateral power gain were calculated from the measured S-parameters. Linear extrapolation of the current and power gain along a 20-dB/dec slope led to values of 21 and 46 GHz for the current gain cutoff frequency, , and the maximum oscillation frequency, , respectively. The bias conditions were V and mA/mm. In Fig. 3 , load-pull measurement results at 4 GHz are shown for a drain bias of 35 V. An output power density of 6.6 W/mm, a PAE of 57% anda gain of 10 dB were obtained with the gate biased at 8.1 V. At a drain bias of 30 V, the output power was 5.4 W/mm, with a PAE of 60% and 9 dB of gain. To our knowledge, these are the highest reported PAE values at 4 GHz for MBE-grown AlGaN-GaN HEMTs. The previous highest reported value for PAE from MBE-grown transistors [8] is 49% at 2 GHz with an output power density of 6.6 W/mm.
Load-pull power measurements were carried out at 10 GHz, and the results for a drain bias of 40 V are shown in Fig. 4 . An output power density of 7.3 W/mm with a PAE of 36% and a gain of 8.4 dB was obtained at a drain bias of 40 V. This output power is highest reported at 10 GHz from MBE-grown HEMTs. The same device gave an output power of 6.1 W/mm with a PAE of 38% and a gain of 7.6 dB at a drain bias of 35 V. The drain efficiency was 42% and 46% at 40 and 35 V, respectively.
IV. CONCLUSION
We have demonstrated MBE-grown AlGaN-GaN HEMT structures with high output power density and record PAE among MBE-grown HEMTs. The efficiency and power results from these devices are comparable to the best MOCVD-grown HEMT results. For a 10 GHz continuous wave input signal, we obtained an output power density of 7.3 W/mm, with a PAE of 36% and output gain of 7.6 dB at a drain bias of 40 V. At 4 GHz, we obtained 6.6 W/mm, with a PAE of 57% and output gain of 10 dB at a drain bias of 35 V. Carbon doping is used to make highly insulating buffers reliably and reproducibly. Gate leakage in MBE-grown structures is reduced considerably by using a thin SiN layer below the gate.
